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ABSTRACT 

P.PPLYIT?G FUPIDAiVZNT’fi CGNCFPTS 
TO THE ETTGDTEZ3ING DESIGN OF PL’PLIUTCE 5WJEFL3 

by Walter B. Kirk and James C .  G r i f f i t h s  
American Gas Association Laboratories 

Cleveland, Ohio 

Fundmental concepts r e l a t ing  burner desi,g f ac to r s  azld ;as ccmpositicn 
t o  the  conventional flame cha rac t e r i s t i c s  of l i f t i n g ,  yellow t i p p i q ,  and f lesh-  
back are discussed. 

Design re la t ionships  a r e  developed from t h e  basic c r l t i c a l  bcu??ar)r 
ve loc i ty  gradient theory with respect to  l i f t i n g  f l a n e a .  Such burner desizn 
fac tors  as por t  size,  depth, and spacing; por t  loading an& pr inan j  zeracion; 
and gas conposition are taken in to  account. 
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APPLYING FUND.U~AL CONCEPTS 
TO TEE EECINEXFIING DESIGN OF APPLIANCE BUIWEBS 

by Walter B. Kirk and James C .  G r i f f i t h s  
American Gas Association Laboratories 

Cleveland, Ohio 

There are many areas  i n  the  gas  industry where the re  i s  a de f in i t e  need 
t o  bridge t h e  gap between fundamental concepts and engineering application. 
an  example, t h e  design o f  atmospheric gas  burners fo r  domestic appliances requires 
a judicious balance of  o_oposing charac te r i s t ics .  
i na t ipz  any propensity for l i f t i n g  flames might introduce a tendency fo r  yellow 
t ipp ing  flames, or a design f o r  high primary a i r  i n j ec t ion  could be l i a b l e  t o  
flashback. 
therefore,  necessary t o  echieve a des i red  balance in  design. 
aztempz t o  i n t e rp re t  fundamental concepts i n  such a manner that they n ight  be  
ea s i ly  a2plied i n  t h e  engineering design of burner po r t  areas.  

A s  

A design d i rec ted  totrard elim- 

A Paoxledge of  t h e  cuant i ta t ive  e f f e c t s  of a l l  per t inent  variables is, 
The following i s  an 

. me n a t u r e  of t h e  port  area f o r  any given appl ica t ion  i s  d ic ta ted  by 
l imi t ing  condizions which produce c r i t i c a l  flame cha rac t e r i s t i c s  such a s  1iL?ing, 
yellow tipping, and flashback. k t yp ica l  flame cha rac t e r i s t i c  diagram is shown 
i n  Fi5gxe 1, which descr ibes  l imi t ing  conditions i n  terms of primary zeration, 
exgessed  as a per cent  of t h e  a i r  required i n  a stoichiometric mixture and port  
l o a d i w  i n  9 t u  per hour per square inch of por t  area. Any change i n  variables 
such a s  port size,  depth, or spacing w i l l  d i sp lace  these l io l i t  curves so as t o  
e i t h e r  increase or decrease t h e  a rea  of t h e  s tab le ,  b lue  flame zone. 
course, t h i s  zone should be as l a rge  a s  possible. 

Ideally, of 

The flame cha rac t e r i s t i c  diagram f o r  a given burner operating on a 
given gas i s  fixed. If at any time t h e  operating point of t he  burner, a s  defined 
by po r t  loading and pri-mary aeration, l i e s  above t h e  l i f t i n g  l i m i t  c w e ,  l i f t i n g  
flames xi11 occur. !.ken the  operating point l i e s  below t h e  yellow t i p  l imit ,  the  
flames v i l l  exhib i t  yellow t i p s ,  and flashback w i l l  t a k e  place i f  t h e  operating 
point l i e s  t o  t h e  leIft of t h e  flashback l i m i t  curve. 

!Be general  effects of burner design var iab les  and gas composition on 
these  l imi t ing  flane cha rac t e r i s t i c s  have been known f o r  many years. 
tendencies are reduced by t h e  use of  larger,  deeper, more closely spaced ports. 
Y e l l o v  t ipp ing  of flames, on t h e  other hand, i s  reduced by using smaller, more 
widely spaced por t s .  
t i p  l i m i t ,  but does not affect l i f t i n g  tendencies, provided even d is t r ibu t ion  of 
air-gas mixture t o  all t h e  po r t s  is provided. 
an  effect on yellow t ipg ing  tendencies. 
by t h e  use of smaller, eeeper por t s .  
results i n  a ho t t e r  operating burner head temperature, which i n  turn  promotes 
flashback. A t  t h e  same a i r -gas  mixture temperature, hoirever, port  spacing does 
not appear t o  a f f e c t  flashback. 

Lifzing 

The use of several  rows of p o r t s  generally raises the  yellow 

P o r t  depth does not appear t o  have 
Flashback tendencies appear t o  be reduced 

The use of c lose r  por t  spacings apparently 

Burning v e l o c i t i e s  of f u e l  gases a f f ec t  l i f t i n g  and flashback tenden- 

Esch f u e l  gas has i t s  
c ies .  
flashback occurs more r ead i ly  with faster burning gases. 
own yellov t ipp ing  cha rac t e r i s t i c s .  

Slower burning gases are more c r i t i c a l  i n  regard t o  l i f t i n g  flames, while 
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Lif t ing  and flashback a re  flame s t a b i l i t y  phenonem. As such, they a r e  
dependent on the  r e l a t i v e  ve loc i t i e s  o f  a i r -gas  ci+-ure floiring out of t h e  port, 
and the  counter propagation of flame i n t o  the  air-gas nixcure i n  the  po r t s  an5 
burner head. !,lith normal flames, equilibrium betveen These o??osing f ac to r s  gen- 
e r a l l y  takes  Glace a short d i s ta txe  .above the  burner port .  T h i s  d i s tance  betveen 
t h e  burner port  and the  base of  t he  flame i s  generally re fer red  t o  8s t h e  "Ceaa 
space". 

Yellow tiGping, on t h e  other hand, i s  a completely d i f f e ren t  phencmenon. 
Each fue l  gas requi res  a ce r t a in  amount of a i r  t o  conpletebj e l j a in2 te  yellosi tios 
from appearing i n  i t s  flames. 
a s  secondary a i r  d i f fus ing  t o  t he  point ?here yeLLo,r tips appear i n  the  flanes. 
Port size,  spacirg, and t h e  number of  rows of ~ o r t s  a f f e c t  t h e  degree t o  x h i c i  
secondary a i r  can be u t i l i zed  t o  eliminate yellow t ipo inz .  This, i n  turn, deter-  
mines the  primary air necessary t o  make up a deficiency of seccncarj  a i r ,  and 
hence es tab l i shes  t h e  so-called yellow t i p  l i m i t  of t h e  burner. 

Tnis a i r  can be obta ine i  e i t h e r  as prLnar?j e i r  o r  

m e n s i v e  s tudies  of  f lvne  charac te r i s t ics  and burner desi,m have been 
made a t  t he  A.G.A. Laboratories, tkie U. S.. Bureau of Mines, and o ther  instizu2ior.s. 
I n  February, 1958, A.G.A. Laboratories Research 3 u l l e t i n  '77, "IEfluerce cf ?art 
Design and Gas Composition on Flame Charac te r i s t ics  of Atmospheric 3uiTLers", xis 
published. 
cor re la tes  t h e  r e s u l t s  of those s tudies  with t h e  results of previous invesziza- 
t ions .  
of flames w i l l  be consiidered. 

'This bu l l e t in  not only  describes recent burner design stu&ies,  but 

For the  purposes of t h e  present discussion, only l i f t i n g  cha rac t e r i s t i c s  

The c r i t i c a l  boundaFj velocity gradient theory was u s 4  as a bas i s  of  
studies of l i f t i n g  flames. 
when t h e  flow velocity gradient a t  the.wa3-l cf a port  exceeds t h e  burning velocit:: 
a t  a l l  po in ts  around t h e  port .  

This theory states t h a t  bloyoff  ( l i f t i74)  ;rill occur 

The expression fo r  t he  boundary velocity gradieEt, g, i s  derived by 
equating the pressure drop per un i t  le=th of channel t o  t h e  retardim viscous 
force  a t  the w a l l  per unit  length of  channel: 

where: 

/i= viscosity,  pound second per sauare foot ,  

= pressure drop per  un i t  length of port ,  pounds 

g = boundary ve loc i ty  gradient, l/sec, 
R = por t  radius, fee t ,  

(Ap/A) 
'per square foot  per  foot, e = mass density, slugs per cubic foot, 

f = f r i c t i o n  factor,  dimensionless, and 
V = volumetric flow rate,  cubic feet per  second. 

Introducing Reynolds' number as R e  = 2 V e P T ( R ,  equation (1) becomes: 

f V Re 

' = 1 6 6 R 3  
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Equation (2) is, therefore,  a generalized equation f o r  the  boundary 
veloci ty  gradient .  Subst i tut ing t h e  Hagen-Poiseuille re la t ionship f o r  parabolic 
(laminar) flow, f = 64/~e ,  i n  equation (2) obtains:  

This  i s  t h e  expression f o r  t h e  boundary veloci ty  gradient f o r  deep 
c i r c u l a r  ports.  
flames, VL, i s  subs t i tu ted  i n  equation (3), the  equation then def ines  the  c r i t i r  
c a l  boundary veloci ty  gradient  f o r  l i f t i n g ,  gL, f o r  deep c i r c u l a r  por t s .  

f o r  l i f t i n g  i s  a fundmental  charac te r i s t ic  of t h e  given gas, and a s  such i s  in&* 
pendent of burner design. 
i s  a d e f i n i t e  c r i t i c a l  boundary veloci ty  gradient at which l i f t i n g  will OCCUT, 
regardless of t h e  design of the port .  
obtain expressions r e l a t i n g  port  geometry t o  l i f t i n g  flames f o r  shallow ana now 
c i r c u l a r  por t  forms. 

If t h e  value of t h e  volumetric f l o w  a t  a condition of l i f t i n g  

It should be emphasized t h a t  t h i s  c r i t i c a l  boundary veloci ty  gradient 

I n  other words, f o r  any given pr imary  aeration, there 

Advantage can be taken of t h i s  f a c t  to  

Equation ( 3 )  may be expressed i n  terms more generally used i n  the gas  
industry as: 

1.92 I a (1 + A/G) 
g =  

f l R 3  H 

srhere : 

g = boundary ve loc i ty  gradient,  l /sec ,  
I = port  loading, Btu per  hour per square inch of por t  area, 
a = port area,  square inches, 

R = port  radius,  f e e t ,  and 
H = heating value of f u e l  gas, Btu per cubic foot.  

A/G = a i r -gas  r a t i o ,  

For an individual  port, a = r l R 2  and equation (4) reduces to:  

A t  the  l imi t ing  conditions for  l i f t i n g  flames f o r  a given f u e l  gas and 
a given primary aerat ion,  t h e  f rac t ion  (1 + A/G)/H i s  a constant, K, so t h a t  equa- 
t i o n  (5)  can be fur ther  reduced to:  

3.84 IL 
K gL = - D for deep c i rcu lar  p o r t s  

where : 

K = a funct ion of t h e  primary aerat ion and heating value, 
H/(1 + A b ) ,  

= c r i t i c a l  boundary veloci ty  gradient f o r  l i f t i n g ,  l /sec,  
= por t  loading a t  t h e  l i f t i n g  l imi t ,  Btu p e r  hour per square 

inch of po r t  area,  and 
D = port diameter, inches. 

2 

. .  
. . .  . .. , 
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The c r i t i c a l  boundary veloci ty  gradient f o r  a given gas -&th a given 

primary aerat ion i s  a constant.  
loading a t  the l i f t i n g  l i m i t  i s  d i r e c t l y  proport iors l  t o  the  p o r t  d ianeter .  

Equation (6) then s t a t e s  t h a t  the  l imi t ing  port 

The equation a l s o  indicates  t h a t  l i f t i n 4  l i m i t  curves ( p l o t t i r z  per 
cent primary aerat ion versus port  loading) irould be p a r a l l e l  cur-res. 
demonstrates t h a t  t h i s  i s  t r u e  f o r  port  s izes  which might be used i n  ccntemporarj. 
d r i l l e d  por t  burners. 

Fiewe 2 

It w i l l  be  noted t h a t  t h e  l i f t i n g  l imi t  curve i n  Figure 2 for  the 1/L 
inch diameter por t  i s  not p a r a l l e l  t o  the  other curves, but f a l l s  off  nore abru3tly 
a t  higher port  loadings. 
i n  la rger  p o r t s  lovers the  l i f t i n g  l i m i t  of t h a t  port .  L i f t ing  --ill cccur as ar:r 
point around the port  rim where t h e  c r i t i c a l  boundarj veloci ty  gradient f o r  l i r ' t -  
ing i s  reached, even though flames nay be s table  at a l l  other  points  arow-6 the  
port .  
port  loading obtained simply by div id iM t h e  heat input by the  porz area.  
d i s t r ibu t ion  resu l ted  i n  "incipient l i f t i n g " ,  i.e., l i f t i n g  a t  one poins on she 
port  with the  flame hanging on t o  the  remainder of t h e  oor t  r b .  %is cor.CirLcn 
was a l s o  noted with la rge  rectangular _oorts. :Jithin the  Fort s izes  generelby 
used i n  contemporary d r i l l e d  port  burners (No. 50 t o  "Io. 20 CXS), hc-*-e.rer, 52r21- 
l e 1  l i f t i n g  l imi t  curves f o r  d i f fe ren t  por t  diameters vere observed. 

Uneven d is t r ibu t ion  of a i r -gas  nixture  flo? veloc i t ies  

In calculat ing p o r t  loading, even d is t r ibu t icn  must be assmed 2i-L the 
Uneirer. 

It i s  possible,  therefore,  t o  represent the  lifsiI?? l M $ s  of  varicus 
individual por t s  of various s izes  by a s ingle  l i m i t  curve by p l o s t i z  ,d IL -rersu5 
primary aeration a t  l i f t i n g ,  where IL i s  the limitiw p o r t  l c a d i x  and ,d i s  B 
multiplying factor  dependent on the  po r t  geometry. 
would equal 1/D, where D is por t  diameter. 

?or deep c i r c u l a r  _torrs, fi 

It was a l s o  observed that p a r a l l e l  l i f t i n g  limit c w r e s  Tere obraired 
f o r  various port  depths, up t o  a l imit ing depth. 
deeper than t h i s  l imi t ing  depth iiere found t o  be the  s a % .  
a typica l  example of t h i s  trend. 
observed f o r  rectangular por t s  of various -widths, lengths, and depths, m e n  t-*-o 
of these geometric fac tors  were held constant and the t h i r d  varie?. IC a??esreci, 
then, t h a t  geometric multiplyirg fac tors  could be obtaiced fo r  these varicus ~ c r r  
designs so that a s ingle  l i f t i n g  l i m i t  c w e  could be used f o r  a l l  such 2 c r ~  
designs. 

gradient for Cleveland natural  gas was calculazed (by use of eqki t ion (39 fro2 
observed l i f t ing  l i m i t s  with very deep s o r t s .  
made with a re la t ive ly  cold burner, since t h i s  i s  the  nost c r i t i c a l  comiition f o r  
l i f t i n g  flames. 
Cleveland natural  gas. 

The 1iIXi- l i m i t  of p o r t s  
Pigi re  3 i l l u s r r a t e a  

Similarly, p a r a l l e l  l i f t i n g  l i m i t  c m - e s  xrs '  

A s  a f i r s t  step i n  these determinasions, t h e  c r i t i c a l  boundary -relocis;- 

A l l  of  these liftix studies  were 

Figure 4 shows these c r i t i c a l  boundary veloci ty  gradient's f o r  

Equation (2), when applied t o  a condition of l i f t i n g  flames, can be 
modified t o  include a term f o r  port  loading t o  become: 

1 + A/G 
H 

f Re IL a 

16 (rl R3 
X gL = ( 7 )  

A t  any given primary aerat ion f o r  Cleveland natural gas, equation (7) 
would reduce to:  



c 

where: 

D = port  diameter, inches, and 
X = a function of t h e  given primary aeration. 

The values of f at l i f t i n g  conditions fo r  various po r t  geometries were 
then  evaluated by observing t h e  l i f t i n g  limits f o r  a number of ports .  For each 
corresponding value of primary aera t ion  a t  t he  l i f t i n g  condition, values o f t h e  
c r i t i c a l  velocity gradient,  gL, were picked from the  curve of Figure 4. Values 
o f  f could then be solved f o r  i n  equation (8) ,  since all of the  o ther  factors i n  
t h e  equation a r e  lmovn from measurement. 

F'igure 5 shows t h e  observed empirical re la t ionship between the  expres- 
sion f Re and po r t  geometry f o r  various c i r cu la r  ports .  
of t he  curve represents  data obtained with r e l a t ive ly  deep p o r t s  i n  which laminar 
flow takes place. 
t h e  expression f = 305 D/Re 4a, appl ies  t o  r e l a t ive ly  shallow ports .  Substi- f 

t u t ion  of the l a t t e r  re la t ionship  i n  equation (8) obtains: 

The hor izonta l  segment 

The sloped por t ion  of t he  c w e ,  which can be represented by 

As was previously pointed out, t h e  c r i t i c a l  boundary veloc i ty  gradient 
for a given gas and primary aerat ion i s  a function of t he  burning character is t ics  
of the gas, and as such is independent of the  po r t  geometry. %us, equations (6) 
and ( 9 )  can be equated so that: 

- 

IL for. deep IL f o r  shallow 
D c i r c u l a r  po r t s  = 74 c i r cu la r  po r t s  

If the multiplying f ac to r  ( 8 )  fo r  deep c i r cu la r  p o r t s  is taken4as 
@ = 1/D, then this f a c t o r  fo r  shallow c i r cu la r  po r t s  would be @ = 4.7714. 

It is  rea l i zed  that  t h e  t r ans i t i on  from "deep" t o  "shallow" circular  
ports takes place i n  a gradual process, ra ther  than a t  a sharp breaking point. 
This t r ans i t i on  zone i s  i l l u s t r a t e d  i n  Figure 5 by t h e  curved l i n e  joining the  
s t r a igh t  horizontal  and sloped l ines .  It was found,. however, t h a t  an a r b i t r a r y  
l imiting point could be determined by t h e  intersectLon of  t h e  extensions of the 
s t r a igh t  horizontal  and sloped l i n e s  of Figure 5 .  The "deep" po r t  multiplying 
f ac to r  can be used with good accuracy for por t s  t o  t h e  lef t  of t h i s  a r b i t r a r y  
point, and t h e  " s h a l l o w "  port expression can be used f o r  po r t s  t o  t h e  r igh t  of 
this point.  

, 

A similar treatment was made u l t h  rectangular ports, and empirical 
geometrical multiplying f a c t o r s  were determined. 
f ac to r  @, f o r  circular and rectangular p o r t s  are summarized i n  t h e  following: 

Eqressions'  obtained f o r  t h e  

(U) Deep c i r cu la r  ports (D/ *<0.21), # = 1 



Deep rectangular p o r t s  ( De <l.O), $ = 1.44 ( n + 11 
n c  

%&ow rectangular p o r t s  (% > 1-01, 6 = GL&- 
d 

where: 

D = port  diameter of c i r c u l a r  ports,  inches, 
d = port  depth, inches 

De = equivalent port  diameter of rectangular ports,  
inches = 2 n W/(n + l), 

W = rectangular port  width, inches, and 
n = r a t i o  of rectangular port  length t o  width.- 

These expressions f o r  were applied t o  a l l  the  l i f t i n g  l i m i t  data oo- 
served f o r  Cleveland natural  gas with individual p o r t s  t o  obtain t h e  averzge 
generalized l i f t i n g  l i m i t  curve i l l u s t r a t e d  i n  Figure 6. 
used i n  contemporary burners, t h e  observed l i f t i n g  limits generally f e l l  - . t h i n  
3 percentage uni t s  of primary aerat ion of t h e  curve. 

For 3ort  s izes  generall;. 

The use' of multiple dri l led p o r t s  a f f e c t s  t h e  l i f t i n g  l i m i t  of  a burzer. 
In general, c loser  por t  spacing r a i s e s  the  l i f t i n g  l i m i t .  01' course, there  i s  a 
maximum por t  spacing above which the  p o r t s  can be considered t o  a c t  a s  irxhvicluel 
ports .  
react ion by the surrounding a i r  above t h e  port .  

This effect  i s  apparently due t o  a reduction i n  t h e  quenching of the  f l v e  

A simple experiment a t  the  A.G.A. Laboratories U s t r a t e i  this ef fec t .  
A n  e l e c t r i c a l l y  heated c o i l  w a s  placed around a port .  The c o i l  -"zs so spaced 
that it would not ign i te  the  air-gas mixture.issuing from the  port .  The 1iL3ing 
l i m i t  of t h e  port  was ra i sed  considerably when t h e  c o i l  was heated e lec t r ica l ly .  

With a multiple d r i l l e d  por t  burner, adjacent f laues  apparently creare  
t h e  same ef fec t  as  the  heated c o i l .  The end por t s  of bar burners, which a r e  
influenced by adjacent p o r t s  on on ly  one side, generally lift f i r s t .  
l i f t i n g  can be to le ra ted  i f  combustion or  carryover i s  not impaired when the  
burner i s  f i r s t  l ighted. Because of t h i s ,  the  l i f t i n g  l imis-of  rmilti_ole por t  
burners was a r b i t r a r i l y  chosen a s  the  point a t  which three  o r  four of the  end 
p o r t s  l i f t e d .  

Some such 

Figure 7 i l l u s t r a t e s  that l i f t i n g  l i m i t  curves f o r  multiple por t  burners 
were found t o  be essent ia l ly  p a r a l l e l  curves. 
determined f o r  various por t  spacings i n  order tb obtain a single l i f t i n g  l i m i t  
curve. 

A multiplying fac tor  can then be 

The values of these factors , in  re la t ion  t o  the individual  port  curve of 
Figure 6, were determined t o  be: 
1.12 for  1/8 inch; and 1.82 for  1/16 inch spacing of por t s  edge-to-edge. 

0.88 for  1/4 inch o r  greater ;  1.0 f o r  3/16 inch; 

The u s e  of multiple rows does not appear t o  a f fec t  l i f t i n g  character-  
i s t i c s ,  provided the port  spacing multiplying fac tor  for  the  smallest spacing 
between por t s  (whether i n  the  rows o r  between rows) i s  used i n  enter ing Figure 6. 
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It has been observed chat within t h e  span o f  por t  loadings generally 
used i n  contemporary d r i l l e d  por t  burners (10,000 t o  60,000 Btu per hour per 
square inch of por t  area), l i f t i n g  l i m i t  curves f o r  various gases were essen- 
c i a l l y  p a r a l l e l  curves. This trend was noted i n  burner port  design s tudies  con- 
ducted a t  the  U. s. Bureau of Mines, and i n  invest igat ions conducted a t  t h e  A.G.A. 
Laboratories. 
a t  the  U. S. Bureau of Mines. 

Figure 8 i l l u s t r a t e s  t h e  l i f t i n g  limits obtained for various gases 

Thus, the  l if t ing charac te r i s t ics  of a f u e l  gas may be expressed i n  

The e f f e c t s  of gas composition on l i f t i n g  charac te r i s t ics  were 

Information which 

terms of a n  equivalent rate fac tor  r e l a t i v e  t o  the l i f t i n g  charac te r i s t ics  of a 
reference gas. 
calculated f o r  a limited number of gases. The pr inc ip le  involved, however, can 
b e  applied t o  other  gases which might be used i n  t h e  f i e l d .  
can be used t o  determine the  equivalent r a t e  f a c t o r  f o r  a number of gases can be 
found i n  several  publ icat ions.  Two such publications a r e  the  U. S. Bureau o f  
Mines' Report of Invest igat ion 5225, "Fundamental Flashback, Blowoff, and Yellow 
Tip L i m i t s  of Fuel Gas-Air MLxtures", and A.G.A. Laboratories Research Bulletin 
36, "Interchangeabili ty o f  Other Fuel Gases with Natural  Gas". 
u s i w  t h e  information contained i n  these reports  i s  described more f u l l y  i n  
A.G.A. Laboratories Research Bullet in  77. 

The method o f  

Tables have been prepared which r e l a t e  t h e  l i f t i n g  charac te r i s t ics  of 
designs generally used i n  contemporary burners t o  those of an a r b i t r a r i l y  chosen 
reference burner. 

Several f a c t o r s  affect ing t h e  l i f t i n g  charac te r i s t ics  of burners a r e  
s t i l l  r e l a t i v e l y  unexplored. Uneven d is t r ibu t ion  of a i r -gas  m i x t u r e  t o  the  p o r t s  
w i l l  always r e s u l t  i n  a lower l i f t i n g  1Mt than values calculated f romthe  equa- 
t i o n s  previously discussed. Port loading must b e  considered a s  simply the  t o t a l  
heat input t o  t h e  burner divided by the  t o t a l  port  area i n  design calculat ions.  
Overrated p o r t s  w i l l ,  therefore,  lift a t  a lower primary aerat ion than The calcu- 
l a t e d  value. 

The design methods described i n  A.G.A. Laboratories Research Bulletin 
77 a r e  f o r  open room conditions. Combustion chamber environment has some effect  
on l i f t i n g  charac te r i s t ics .  
A.G.A. Laboratories i s  considering t h i s  aspect of the  problem. 

A current water heater research invest igat ion a t  the 

Burner design research i s  a continuing process. 
concepts, the  engineering design of appliance burners is, with time, becoming 
l e s s  of an a r t  and more of a science. 

By applying fundamental 
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// YELLOW TIPPED FLAMES ZONE / 

PORT UIADINO, BTU PER HOUR PER 9Q. IN. W PORT AREA 

Figure 1 Typical Flame Characteristics D i a g r a a ~ ,  
Shoving L i f t i n g ,  Yellow Tipping, and 
Flashback Limit Curves. 

PORT KIADINQ. 103 am PER HOUR PER SOUARE INOH OF PORT AREA 

Lifting Limits of Various Individual Circular 
Ports wlth Cleveland Natural Gas. 

Figure  2 

D 
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Figure 3 L i f t i n g  L M t s  of a No. 30 DMS Dril led Port with 
Various Port Depthe with Cleveland Natural Cea . 

? 

OAS CONCENTRATION, F, FRACTION OF STOICHlOHETRIC COP(~ENfRATIOPI 

Figure 4 C r i t i c a l  ~ i f t i n g  ~oundary v e l o c i t y  
Gradient $or Cleve18pd Natural Gas. 

t 
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0 - w 
Figure 5 Fr ic t ion  Factors f o r  Various Deep and Shallov Circular 

Ports  with Cleveland Natural Gas a t  the  Lifting L i m i t .  

.0 IL x IC 

Figure 6 Lif t ing  L i m i t s  of Slotted and Circular Ports  w i t h  
Cleveland Natural Gas. 
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> 
POAT LOADINO, 103 B N  PER HOUR PER SCUARE INCH OF PORT AREA 

Figure 7 Li f t ing  Limit Curves with Cleveland Natural Gas 
f o r  Experimental, Multiple Port Burners. ! 

mm L~AOINO. 101 OTU PZR FOUR FSR WINRE wcn of PORI AREA 

Lif t ing  Limits Obtained a t  t h e  U. S. Bureau of Mines 
f o r  Various Fuel Gases. 

Figure 8 


